Epitaxial NiO film was grown on 0.7% Nb-doped SrTiO 3 substrates by pulsed laser deposition. The I-V characteristics of Ag/NiO/Nb-SrTiO 3 /In device show reproducible and pronounced bipolar resistive switching without forming process which was induced by the NiO/Nb-SrTiO 3 junctions, and the resistive switching ratio R HRS /R LRS can reach 10 3 at the read voltage of −0.5 V. Furthermore, the resistance states can be controlled by changing the max forward voltage, reverse voltage, or compliance current, indicating multilevel memories. These results were discussed by considering the role of carrier injection trapped/detrapped at the interfacial depletion region of the heterojunction.
Introduction
Recently, the resistance switching (RS) effect has attracted a great deal of scientific and technological interests due to the potential applications in the resistance random access memory (RRAM). Among other nonvolatile random memories, RRAM has excellent advantages such as high cell density, high operation speed, low power consumption, low cost, and good endurance [1, 2] . RS effect has been observed in many oxide systems include binary metal oxides NiO, TiO 2 , ZrO 2 , ZnO and complex perovskite oxides Pr 0.7 Ca 0.3 MnO 3 , and SrTiO 3 , variety of material crystalline, from single crystal, epitaxial films to polycrystalline; different device structures from sandwiches to heterostructure junctions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . NiO is one of these materials which have been observed unipolar or bipolar RS effect. Kawai et al. studied the bipolar RS switching in epitaxial NiO films-based Pt/NiO/Pt : Ir device on MgO substrate [4] . Choi et al. compared RS of NiO films deposited on Pt and SrRuO 3 which has unipolar switching in Pt/NiO/Pt and bipolar switching in Pt/NiO/SrRuO 3 [5] . Chang et al. observed two types of reversible RS effects in a NiO film: memory RS at low temperature and threshold RS at high temperature [7] . To explain the interesting effect, many theoretical models have been proposed, in which the most basic mechanisms are electrochemical redox process and Schottky-like barrier by trapped/detrapped effects at interface. Moreover, recent molecular dynamic simulations of memristors were reported by Savel'ev et al. for understanding the RS mechanism in depth [22] [23] [24] . However, despite its fundamental importance, our understanding of the underlying RS physics is still an open question because of the different preparing method and equipment [25] .
Band insulating perovskite SrTiO 3 is widely used substrate materials in oxide device preparations. In SrTiO 3 , substitution of Ti +4 by Nb +5 leads to Nb-doped STO (NSTO), which is as electron-doped oxide semiconductors with low resistance. By using PLD technique, other conducting oxide layers such as SrRuO 3 (SRO) and doped CMR manganites of PCMO can be epitaxial growth on ntype oxide semiconductor substrates of NSTO to fabricate oxide heterostructure junctions [20, 21] . Rectifying curves were observed in heterostructure devices of SrRuO 3 /NSTO, PrCaMnO 3 /NSTO and metal electrode/NSTO that demonstrated forming bias barriers by mobile carriers at interfaces as oxide hetero-junctions. Recently, Sullaphen et al. reported the RS properties of epitaxial NiO nanostructures on NSTO substrates. The switching behavior (dependence on height) is attributed to the modulation of the carrier density at the 2 Advances in Condensed Matter Physics nanostructure-substrate interface due to the applied electric field [10] . NiO is one of the typical p-type semiconductors which are induced by Ni vacancy, and there are many RS effect researches on NiO based device. It must be pointed out that the interface can be better controlled and the epitaxial films can be realized, which is helpful for understanding the mechanisms of RS effect. So it is very important to study the RS effect in heterojunction between NiO and NSTO.
Experiment
Epitaxial NiO thin film was grown on the 0.7% Nb-doped SrTiO 3 (100) single crystal substrate by pulsed laser deposition (PLD) technique using a KrF excimer laser (λ = 248 nm). The substrate temperature was kept at 650
• C, the oxygen pressure of 20 Pa was maintained throughout the deposition, and the ceramic NiO target was used. After growth, the crystalline structure of the film was characterized by Bruker D8 Advance X-ray diffractometer with Cu Kα radiation. The thickness of the NiO film was about 80 nm determined by Form Talysurf Profiler (S4C-3D, Taylor Hobson). XPS was performed by VG Multilab 2000 instrument and all XPS spectra were calibrated by the C1s peak 284.6 eV from contamination to compensate the charge effect. Before the electrical measurements, Ag electrodes were deposited on the thin film using DC magnetron sputtering through a shadow mask with a diameter of 0.2 mm and the bottom electrode In was pressed on the NSTO to form ohmic contacts. I-V characteristics of the Ag/NiO/NSTO/In device were measured with two-probe configuration by Keithley-4200SCS. The current from NiO to NSTO was defined as a positive direction. RS effect of the junctions was investigated by applying bias at room temperature.
Results and Discussion
Figure 1(a) shows the XRD pattern of NiO film deposited on NSTO. As can be seen from the θ-2θ pattern in Figure 1 • in the pattern, indicating the epitaxial growth of NiO on NSTO (100) substrate. A rocking curve of NiO(200) with a full width at half maximum of 1.58
• was shown in Figure 1 (c), indicating the good quality of the epitaxial film. The lattice constant of NiO in out of plane direction calculated from the XRD pattern is 4.20Å. Since the lattice constant of bulk NiO is 4.177Å and NSTO is 3.905Å, a lattice mismatch of 7.0% existed between them. Therefore, the NiO film would receive an in-plane compressive strain from the substrate and result in a lattice extension in out-of-plane direction. Similar results were also reported in NiO epitaxial films [4] [5] [6] .
To analyze the chemical states of the constituent elements, XPS measurement was performed. Figure 1(d) shows the typical Ni2p XPS spectrum of the NiO film. The binding energy of Ni 2p3/2 is located at about 854.3 eV in the spectrum, consistent well with that expected by theory for Ni 2+ (854.3 eV) within a certain range of error, indicating Ni 2+ ions are dominant in this sample. Figure 1 (e) presents the O1s XPS spectrum of the NiO film and the large peak is well fitted by two nearly Gaussian components, centered at 529.7 eV (O a ) and 531.75 eV (O b ), respectively. The O a peak at a low binding energy is attributed to the Ni-O bonds [26] ,while the O b peak at higher binding energy is usually attributed to the chemisorbed or dissociated oxygen or OH species on the surface of the NiO film, such as -CO 3 , adsorbed H 2 O or O 2 . Therefore, the large and high O a peak suggests that the Ni-O bonds are the main chemical state in the NiO film.
The current-voltage (I-V) characteristic of the Ag/NiO/NSTO/In device has been measured at different sweep voltage or compliance current with the sequence of Figure 2 (a) shows the typical stable bipolar RS behavior's I-V data under ±5 V sweep voltage for many cycles without forming process, and the heterojunction exhibits a rectifying behavior and remarkable hysteresis under forward or reverse bias. The resistance of the device switched from the HRS to LRS by applying a positive voltage and then recovered to HRS by applying a negative voltage. The R HRS /R LRS ratio read at −0.5 V has been obtained about larger than 10 3 . As can be seen, there is no degradation between the first cycle and 100 cycles, indicating good endurance. The large RS and good endurance make this device suitable for memory application. The RS ratio was defined as R HRS /R LRS , which was shown in Figure 2 (b). We can see that, at the low read voltage, the RS ratio can reach a large value, but decrease with the increasing read voltages. So the low read voltage is a great advantage in our device.
The RS effect can be obtained at the ±5 V sweep voltage and 0.1A compliance current. In order to investigate the origin of bipolar RS effect, the effect of different forward or reverse voltage and compliance current should be studied in detail. The enough reverse voltage can drive the RS to HRS, and the forward bias can force the resistance state to LRS; when the reverse voltage is defined −5 V, the influence of the forward voltage on LRS is very important. Figure 3(a) shows the I-V with the sequence of 0V → +V max → 0 → −5V → 0 with different +V max ; it must be emphasized that when the new sweep cycle started, the resistance state was switched to HRS by applying −5 V reverse voltage. As the forward voltage increases, the switching hysteresis in reverse voltage region becomes more and more pronounced the forward voltage dependence of the HRS and LRS; also shown in Figure 3(b) . Accordingly, the RS ratio read at −0.5 V increases from 2 (V max = 1 V) to 10 3 (V max > 3 V), and when the forward voltage larger than 3 V, the ratio changes slightly. We also noticed that when increasing the forward voltage to 3 V, the sweep current went to a maximum value around −2.5 V and then decreased gradually up to −5 V. It shows a negative differential resistance occurring during the sweeping up to −5 V, which is a sufficient condition for bipolar resistive switching. This bias-induced bipolar RS effect was reported by Wu et al. in Pt/TiO 2 /NSTO/Pt device and Pt/LaAlO 3 /NSTO heterojunction [11, 12] . By changing the compliance current, a group of RS I-V curves under various set current compliances are measured are shown in Figure 4(a) , at the reverse voltage region, the resistance states especially the LRS change by the compliance current, correspondingly, the rectifying behavior of LRS is also weakened. We can see that the LRS increases with the decreased compliance current. The compliance current dependence of the HRS and LRS are also shown in Figure 4 (b) the R HRS /R LRS ratio measured at −0.5 V decreases from 10 (current compliance = 10 mA) to 10 3 (current compliance = 100 mA). So we can suggest that the NiO/NSTO device could realize multilevel memory storage by changing compliance current. Similar results were reported by Chen et al. by changing the compliance currents, the Fe 2 O 3 /NSTO can obtain multilevel memory [27] . The forward voltage or compliance current has influence on the RS which can change the LRS; the reverse voltage can drive the resistance state to HRS, so the reverse voltage magnitude could affect the HRS of the device. According to these views, a group of RS curves with various reverse voltages has been obtained as shown in Figure 5 (a). It must be also emphasized that in the sweep cycle with a sequence of 0V → +5V → 0 → −V max → 0, when a new cycle started, the resistance state had been switched to the same LRS by applying +5 V forward voltage. As can be seen from Figure 5(a) , the reverse voltage with large amplitude leads to large R HRS ; the R HRS and R LRS read at −0.5 V are shown in Figure 5(b) , the R LRS changes slightly because of the same forward voltage 5 V, but the R HRS increases from 10 2 Ω (reverse voltage = 1 V) to 10 6 Ω (reverse voltage = −7 V) accordingly, the R HRS /R LRS ratio changes with the various reverse voltages. So we can also make a conclusion that the multilevel memory can be achieved by changing the reverse voltages. In addition, all the I-V curves except the curves with −1 V and −2 V show negative differential resistance occurring during the sweeping; only when the current reached the maximum value, the large R HRS /R LRS ratio could be obtained.
Wu et al. reported the reverse bias-induced bipolar RS in Pt/TiO 2 /Nb : SrTiO 3 /Pt devices which showed extremely weak RS hysteresis without applying reverse bias. But the reverse bias increased above −2 V and the hysteresis became more and more prominent. Based on their results, they suggested that there is a close relationship between RS and the modulation of Schottky-like barrier width by electrochemical migration of oxygen. And they also reported the LaAlO 3 /Nb : SrTiO 3 bipolar RS device which can be explained by considering the migration of vacancies at the Pt/LaAlO 3 interface [11, 12] . Zhang et al. investigated the ultrafast RS effect of the Nb : STO with Ag and Pt, which is related to the barrier height of the junction [28] . Ni et al. reported the RS effect of SrTiO 3 /Nb : STO heterojunction, and the RS effects were explained by considering the role of defects at the interface of the junction [17] . Sullaphen et al. reported the interface-mediated RS in epitaxial NiO nanostructures on NSTO. The overall switching behavior in NiO/NSTO heterojunction can be explained on the basis of field-induced modulation of the interface due to migration of minority charge carriers [10] . Although various models such as Schottky barrier with interface and electrochemical migration have been discussed to explain the RS effect, the origin of RS is still puzzled, because these models cannot explain all the RS results.
In order to investigate the switching mechanism for our device, the fitting of the I-V curves with various electrical conduction mechanisms was attempted. It was found that the conduction mechanism of LRS and HRS fits well to the space-charge-limited conduction (SCLC) mechanism. Other conduction mechanisms such as Schottky, Poole-Frenkel, and Fowler-Nordheim were investigated but they did not fit the I-V curves at all [17, 19] . Figure 6 shows the log-log plots for the I-V curve of NiO/NSTO. For the positive voltage Current (A) region as shown in Figure 6(a) , the I-V curve shows a linear behavior for V < 0.2 V, then a sharp current rise with a slope of 6.5 for V > 0.3 V (V th ) followed and finally increases slowly with slope of 2-3. This behavior can be well described by the trap controlled space-charge-limited current (SCLC mechanism) with the three regions corresponding to the trap-unfilled, trap-filled SCLC, and trap-free SCLC regimes, respectively. Moreover, V th is the transition voltage from trap-unfilled to trap-filled SCLC regimes. Upon decreasing the voltage, the current remains the higher value indicating that the trapped carriers are not released from the trap centers, which result in the hysteresis of I-V curves. The reverse bias voltage (Figure 6(b) ) releases the trapped carriers from the traps, leading to switch to the HRS.
As we know, NiO is a typical p-type semiconductor and the NSTO is n-type, and when epitaxial NiO was grown on NSTO substrate, the p-n junction with barrier can be formed at the interface. In this Ag/NiO/NSTO/In structure, Advances in Condensed Matter Physics the RS behavior could be coming from following parts: the Ag/NiO, NiO/NSTO, NSTO/In interface. In order to estimate the contribution from Ag/NiO interface, the NiO film was deposited on insulated SrTiO 3 substrate and Ag was used as two top electrodes. It was shown that the I-V relationship of Ag/NiO/Ag was linear, indicating the ohmic contact between Ag and NiO. This is different from the RS behaviors of the Ag/NiO interface reported by Lee et al. [8] and Phark et al. [9] . We also prepared NiO film on Pt/Ti/SiO 2 /Si substrate under the same preparation condition and formed Ag/NiO/Pt and Pt/NiO/Pt structure, and there is no RS effect observed in these structures. In addition, the Pt/NiO/NSTO/In was prepared and the RS effect was comparable with Ag/NiO/NSTO device, indicating the ohmic behavior of the NSTO/In interface. Furthermore, In was commonly used as electrode with ohmic contact for I-V measurement [19] . Therefore, the rectifying characteristic and RS effect in Ag/NiO/NSTO/In device are dominated by the NiO/NSTO interface. And some Ni vacancies and defects are distributed and relatively high near the interface which can form an active and positively charged trapping layer to trap electrons. So the characteristic of the junction is determined by the depletion layer. As from the above experimental results, the RS behavior could be explained by the consideration of the carrier injection trapped/detrapped at the interface of the heterojunction. When the forward voltage was applied on the device, the electric field mainly applied on the depletion layer. With carrier injection to the depletion layer, the build-in potential of the junction was weakened, consequently, the barrier width dramatically narrowed, and there by the electrons possibly pass through the thin barrier via a tunneling process, which corresponds to low resistance state. But the trapped electric cannot be released until a mount of reverse voltage is applied on the device. When the reverse voltage is applied on the device, the trapped carrier could be released, and the depletion barrier width could be widen and the depletion barrier height enhanced, so the enough reverse voltage results in HRS. Furthermore, the trapping centers could be filled by injected carriers, which can be controlled by applying electric field. Therefore, the resistance states can be controlled by changing the max forward voltage, reverse voltage, or compliance current, indicating multilevel memories, as shown in Figures  3-5 .
Additionally, the original resistance of NiO films is about 10 6 Ω, but the effective resistance of the LRS is much lower than the original resistance of NiO, so it is clearly demonstrated that the tunneling carriers are staying in the NiO films as to affect the resistance. That is, when the voltage is applied on the device, the device resistance consists of the interface of the heterojunction and the NiO films were switched, which lead to HRS and LRS. The whole device resistance can be modeled as a barrier diode and variable resistor. Our and other group's results display asymmetric RS effect at the forward and reverse voltage. The asymmetric RS effect can be explained based on our model [20, 21] .
Generally speaking, the retention characteristic of heterojunction type RS device is not very stable. Ni et al. [17] have shown for SrTiO 3−x /NSTO heterojunction that the junction current relaxes with time after switching to the LRS and the relaxation follows the Curie-von Schweidler law at room temperature, indicating the role of defects in the interfacial depletion region. For understanding the mechanism of the RS effect and the types of defects in NiO/NSTO heterojunction, the relaxation of the junction current after switching to the LRS or HRS has been measured and the results are shown in Figure 7 in log-log scale. Each resistance state was driven by ±5 V voltage at different compliance currents. As shown in Figure 7 , different compliance current can control the LRS of the NiO/NSTO device and the HRSs are at the same states. We can see that the HRSs are very stable, but the resistance relaxations of LRSs are different which follow liner behavior in the log-log scale. In other words, the resistance follows the law with R = R 0 t −α , where α is the slope which is a constant and less than 1. We can see that α increases with the decreased compliance current because of the different interface states.
Summary
In summary, reproducible RS in Ag/NiO/NSTO/In device has been investigated for nonvolatile memory application. By changing the max forward voltage and compliance current, the devices showed multilevel LRS, and by changing the reverse voltage, the device can obtain multilevel HRS. The retention characteristic exhibits nonvolatile nature. The origin of the RS behavior would be attributed to the carrier injection trapped/detrapped at the interface of the heterojunction. The whole resistance of the device includes the interface barrier and the NiO films, but which one contributes larger? This is a question to separate contributions between interface barrier and real NiO films.
